Complex translocations in chronic myelogenous leukemia involve various chromosomes, in addition to chromosomes 9 and 22, in a nonrandom fashion. We have analyzed the DNA from leukemia cells characterized by a complex translocation, t(9;22;10;17)(q34;qll;p13;q21), by using the techniques of Southern blot hybridization, in situ hybridization, and molecular cloning; one of the breakpoints is at 17q21, a band that is frequently involved in complex 9;22 translocations. All of the breakpoint junctions and the corresponding normal sequences from the four involved chromosomes have been molecularly cloned. Restriction mapping is consistent with a simple concerted exchange of chromosomal material among the four chromosomes, except that additional changes appeared to have occurred within the chromosome 17 sequences. The cloned sequences on chromosome 17 at band q21 were found to be repeated in normal cells. By fluorescence in situ hybridization, a strong signal is seen at 17q21, but a weaker signal is also present at 17q23. By comparison with other primate species, an inversion in chromosome 17 during evolution appears to be responsible for the splitting of the cluster of repeat units in normal human cells.
Chronic myelogenous leukemia (CML) is characterized cytogenetically by a reciprocal translocation involving chromosomes 9 and 22, t(9;22)(q34;qll), giving rise to the Philadelphia chromosome, which contains a chimeric gene composed of the 5' portion of the BCR gene on chromosome 22 and the 3' portion of the ABL gene on chromosome 9 (1) . The BCR-ABL gene encodes a fusion protein with enhanced tyrosine kinase activity (2) . This protein appears to play a role in the transformation of hematopoietic stem cells (3, 4) .
In most CML patients, the Philadelphia chromosome results from a standard t (9;22) . The remaining 4-8% (5, 6 ) of Philadelphia chromosome-positive patients have complex translocations involving three or more chromosomes, two of which are chromosomes 9 and 22. The karyotypes of >300 patients with CML characterized by a complex translocation have been described (5) (6) (7) (8) . With the exception of the Y chromosome, every chromosome has been found to be involved in these variant translocations; however, certain chromosomal bands show a significantly higher number of breaks than that expected if the breaks were randomly distributed along all of the chromosomes.
No clinical differences have been noted between patients who have the standard two-way 9;22 translocations and those who have complex translocations (5) . This fact suggests that the break in the third chromosome offers no additional selective advantage to the malignant cell. Thus, the involvement of the third chromosome may reflect an intrinsic tendency to break that is unaffected by selection. In this regard, it is notable that many of these breakpoints occur in bands that are known to contain fragile sites, which are chromosomal sites at which aberrations, including breaks, gaps, and structural rearrangements, preferentially occur in cells cultured under certain conditions.
An alternative possibility is that the sites ofthe breakpoints in the third chromosome are specific for the t(9;22), perhaps as a result of sequence similarity to either ofthe genes located at the breakpoints on chromosomes 9 or 22 (ABL and BCR, respectively). Molecular analysis of standard two-way 9;22 translocations has, so far, failed to show sequence similarities between the regions ofABL and BCR at which the two breaks occur although Alu repetitive sequences are sometimes involved (9) .
To gain some insight into the mechanisms responsible for the nonrandom involvement of additional chromosomes in complex 9;22 translocations, we have begun to analyze such cases at the molecular level. We identified a patient with CML who had a complex four-way translocation, t(9;22;10;17)(q34;qll;pl3;q21), which is illustrated in Fig. 1 . Chromosome band 17q21 is one of the bands most frequently involved in complex 9;22 translocations. In addition, the band has been shown to contain a common fragile site (10 (12) . The 3' breakpoint cluster region (bcr) probe [a 1.2-kilobase-pair (kb) HindIIlEcoRI probe containing bcr exon 4 (13) ] was provided by Carol Westbrook (University of Chicago). Additional details are described in Fig. 2 . For Southern blot hybridization to one of the probes (Fig. 3a, probe 4 (Stratagene) . To isolate clones homologous to the chromosome 17 sequences adjacent to the 9;17 junction present on the der(9) chromosome, a fragment containing the entire chromosome 17 portion of one of the der(9) clones was radioactively labeled, and repetitive sequences were blocked by preannealing to sonicated human placental DNA (14) .
In Situ Hybridization. For in situ chromosomal hybridization, human metaphase cells were prepared from phytohemagglutinin-stimulated peripheral blood lymphocytes of normal individuals, from bone marrow cells from patient 1 that were cultured without mitogens, or from orangutan or baboon lymphoblastoid cell lines. Radiolabeled probe was prepared by nick-translation of the entire plasmid with all four 3H-labeled deoxyribonucleoside triphosphates to a specific activity of 5 x 107 to 1 x 108 dpm/,ug. In situ hybridization of3H-labeled probes was performed as described (15) . Metaphase cells were hybridized at 5, 10, 20, or40 ng ofprobe per ml of hybridization mixture (15) . Autoradiographs were exposed for 11 days. The procedure used for fluorescence in situ hybridization (FISH) is as described (16) . Biotin-labeled probes were prepared by nick-translation with biotin-labeled dUTP (Bio-11-dUTP, Enzo Diagnostics). Hybridized probes were detected with fluorescein-conjugated avidin (Vector Laboratories). Most of the probes used were whole bacteriophage clones. For the in situ hybridizations shown in Fig. 4 , the entire insert from each of two chromosome 17 bacteriophage clones showing relatively little overlap was subcloned into Bluescript, and a mixture of the two plasmids was used, comprising -33 kb of distinct human sequences.
Somatic Cell Hybrid Analysis. Southern blots prepared from HindIII digests of 18 hamster x human somatic cell hybrids (Bios, New Haven, CT) were hybridized to probe 3.
RESULTS
Cloning the Breakpoint Junctions and the Corresponding Normal Sequences. In the four-way translocation of patient 1, distal 9q moved to chromosome 22; distal 22q moved to chromosome 10; distal 10p moved to chromosome 17; and distal 17q moved to chromosome 9 ( Fig. 1) . If the DNA rearrangements corresponded to the karyotypic changes in a straightforward manner, complete molecular characterization would require the cloning of four breakpoint junctions and the corresponding normal sequences on chromosomes 9, 10, 17, and 22. The t(9;22) breakpoints on chromosome 9 are quite variable (17) , but the breaks on chromosome 22 occur almost exclusively within a 5.8-kb segment of the BCR gene known as the bcr. Thus, the strategy was to begin at chromosome 22 and, by chromosomal walking, to clone sequentially the various breakpointjunctions and normal sequences. Cloning of the 9;22 and 10;22 junctions was followed by cloning of the normal chromosome 9 and 10 sequences spanning the chromosomal breakpoints. These sequences in turn allowed the 9;17 and 10;17 junctions to be cloned, followed, finally, by isolation of the normal chromosome 17 sequences.
A Southern blot prepared from the patient's leukemic cells was hybridized to a probe containing bcr exon 4. Two rearranged bands were seen in addition to a germ-line-sized band ( Fig. 2 a and b) . Both bands shown in Fig. 2a were cloned, beginning the sequential process of cloning the various breakpoint junctions and normal sequences. At each step, the chromosomal origin ofthe various molecular clones was confirmed by in situ hybridization to metaphase chromosomes using either biotin-labeled or 3H-labeled probes (data not shown). Fig. 3 illustrates the restriction maps of the cloned regions. Hybridization to Southern blots prepared from patient and control placental DNA samples was used to confirm that the sizes predicted for the normal and rearranged fragments, on the basis of the restriction maps, were correct. For example, in Fig. 2c , hybridization of a chromosome 10 probe (Fig. 3f C P C P C P C P C P HindIII Bgn
FiG. 2. Hybridization of DNA from the leukemia cells of patient 1 (lanes P) and control placental DNA (lanes C). A single Southern blot was hybridized to probes from chromosomes (chr) 22, 10, and 17. The positions ofthe probes used are shown in Fig. 3 as bars below the restriction maps. Arrowheads indicate the bands resulting from a rearrangement. Lanes: a, a HindIII digest; b-e, a Bgl II digest; a and b, hybridization to probe 1 (Fig. 3d) , a 1.4-kb HindIII-EcoRI fragment containing bcr exon 4; c, hybridization to probe 2 (Fig. 3/) , a 0.4-kb Rsa I-BamHI fragment from chromosome 10; d, hybridization to probe 3 (Fig. 3g) , a 1.2-kb Rsa I probe from chromosome 17 adjoining the 10;17 junction (in shorter exposures the upper band is seen as a doublet, so that a total offive bands can be distinguished in the control); e, hybridization to probe 4 (Fig. 3a) , a 6-kb fragment containing chromosome 17 sequences adjacent to the 9;17 junction and a minute amount of chromosome 9. a rearranged band in Fig. 2b , whereas the other represents the 10;17 junction and hybridizes with the rearranged band in Fig. 2d , which shows the hybridization pattern using a low-copy fragment (Fig. 3g, probe 3 ) from the chromosome 17 portion of a der (17) clone. In each case, the sizes of the hybridizing bands matched that expected from the maps of the bacteriophage clones.
Identification of a Repeated Region on Chromosome 17. Surprisingly, probe 3, from chromosome 17, hybridized to multiple bands on the various digests-five bands were seen in the Bgl II digest; fewer bands were seen with other digests, presumably due to comigration of bands. It is likely that this pattern ofhybridization reflects amplification ofthe sequence during evolution. Upon Southern blot analysis using a panel of somatic cell hybrids (data not shown), only those lanes prepared from lines containing human chromosome 17 showed hybridization to probe 3. Thus, all of the repeats appear to lie on chromosome 17. These results are consistent with those obtained using FISH, described below.
Chromosome 17 sequences were also cloned in the opposite "direction." The map of the chromosome 17 sequences present near the 9;17 junction does not match that expected from the map ofthe normal chromosome 17. In particular, the maps showed different patterns with Nco I. The apparently appropriate position of the Sac I sites (Fig. 3 ) was fortuitous since, as determined later, the bands of similar size from the der(9) and the normal chromosome 17 clones did not crosshybridize. Because of the differences in the map, we suspected that a deletion had occurred within chromosome 17 sequences. However, the maps of the clones isolated using probe 4 (Fig. 3a) from the 9;17junction overlapped with those of the earlier set of chromosome 17 clones, and most of the bands hybridizing to probe 4 and to probe 3 (originating adjacent to the 10;17 junction) were the same (Fig. 2 d and e) . Also unexpectedly, probe 4 hybridized to the clones containing the 10;17 junction. There are two possible explanations for this result. Concomitant with the translocation, there may have been duplication of chromosome 17 sequences at the two breakpoint junctions; alternatively, if the repeats are in tandem, almost all of one copy may have been deleted, leaving homologous sequences adjacent to the two chromosomal junctions. Rearrangements within the chromosome 17 sequences are presumably responsible for the restriction pattern seen in the 9;17junction clones, which is different from that of any ofthe normal chromosome 17 clones isolated. The restriction maps of the various chromosome 17 clones are very similar but not all are completely consistent with each other. It is likely that the differences are due to their being derived from different copies of the DNA repeats. The similarity in restriction maps suggests that the copies have diverged relatively little in sequence, as supported also by the strong hybridization of the various bands to the chromosome 17 probes (Fig. 2) . The map of a single representative chromosome 17 clone is illustrated in Fig. 3 ; it is not known whether this clone is derived from the specific repeat affected by the translocation. A single restriction site difference was noted between the relevant portions of this clone and the 10;17 clones ( Fig. 3 g  and h) .
Initial Southern blot analysis of 11 DNA samples (from normal individuals and CML patients without evidence for involvement of chromosome 17) showed three restriction fragment length polymorphisms (unpublished results). It is not known whether these result from simple base-pair differences or, more interestingly, from differences in the number or organization of the repeats. The size of the repeat unit has not been determined. Mapping of the clones over 25 kb does not give any indication of a repetitive pattern; presumably, then, the repeat unit is greater than 20 kb.
FISH to normal metaphase chromosomes using DNA from a chromosome 17 clone gave a strong signal on chromosome 17 at band q21 (Fig. 4 a and b) . Unexpectedly, a fainter signal was also seen on chromosome 17 at bands q23-q24. Specific hybridization to other chromosomes was not observed. The results suggest that multiple copies of sequences homologous to the probe are present at 17q21 and that one or a few copies are present at 17q23-q24.
In situ hybridization to interphase nuclei (Fig. 4c) showed clusters of multiple hybridization signals. In some cells, four clusters were observed, presumably corresponding to the two hybridizing regions on each of the two chromosome 17 homologs. The number of hybridization signals has not yet been accurately determined, due to the presence of hybridization signals at different levels of focus. The results of recent studies suggest that multiple probes can be resolved in interphase nuclei by FISH only if they are separated by at least 25 kb (18, 19) . Given the size ofthe probe (%33 kb), the observation of multiple well-separated signals in interphase nuclei suggests that the size of the repeat unit is at least 50 kb and probably significantly larger.
Involvement of Chromosome 17 Sequences in a Paracentric
Chromosomal Inversion During Primate Evolution. Comparison ofhigh-resolution karyotypes from humans and the great apes has shown that a moderate number of inversions and translocations are responsible for most of the differences in chromosomal organization among these species (20) . For most of the chromosomes, it was possible to deduce the structure of the ancestral chromosome and the nature of the rearrangements that occurred in each evolutionary line. In particular, the results of comparison of the chromosome 17 homologs in the human, chimpanzee, gorilla, orangutan, and baboon were compatible with a model in which the baboon chromosome resembles the ancestral chromosome 17 whereas different inversions occurred in an orangutan progenitor and in a common progenitor of man, chimpanzee, and gorilla. The orangutan chromosome resulted from a pericentric inversion whereas the human chromosome resulted from a paracentric inversion between bands q21.31 and q23. (Fig. 4 c and d) . In both cases, hybridization of a chromosome 17 clone was detected at a position corresponding to the distal weaker signal on human chromosomes (q23-q24); in these species no secondary signal was identified. These results suggest that the repeated sequences we have identified were initially present at the position corresponding to the human band 17q23.1. The inversion that occurred in a common progenitor of man, chimpanzee, and gorilla had a breakpoint near the telomeric end of the cluster and resulted in movement of most, but not all, of the cluster to band q21.31.
DISCUSSION
Two models have been proposed for complex translocations. In the first model, multiple chromosomal breaks occur within a cell at the same time, and the broken chromosomes are then improperly rejoined (21) . The second postulates that the Proc. Nad. Acad. Sci. USA 89 (1992) complex translocation results from sequential two-way translocations that occur in different cell generations (22) . To explain the relatively high frequency of complex translocations, the latter model seems to require some form of instability of one of the junctions formed during the initial translocation. This is not implausible, given the fact that certain DNA rearrangements-namely, insertion of foreign DNAhave been reported to be associated occasionally with an induced chromosomal instability (23) .
The present data are more consistent with the first model: this translocation appears to result from a concerted effectively simultaneous exchange of material among the four chromosomes. With the exception of that of chromosome 17, the restriction maps of the various normal and rearranged clones can be lined up in perfect register. Internal rearrangements appear to have occurred within chromosome 17 sequences.
The alternative model would require three consecutive translocations. For the maps to match as perfectly as they do, the successive breaks, at least on chromosomes 9, 10, and 22, must have occurred within a few hundred nucleotides of each other. There is no known or speculative mechanism apparent to us that could easily explain such a precise molecular "memory. " An argument against the first model is that it may seem unlikely that a single cell would have four double-stranded DNA breaks at the same time. There are a number of ways, however, in which a cell could sustain nearly lethal damage that might result in multiple DNA breaks. A particularly appealing agent is ionizing radiation, some forms of which are capable of producing large quantities of free radicals within a relatively small volume that could cause multiple DNA breaks (24) . In this regard, it is intriguing that radiation is known to be a predisposing factor for various forms of leukemia, including CML (25) .
As mentioned above, chromosome 17 at band q21 is one of the sites most frequently involved in complex 9;22 translocations. It is intriguing that a cluster of repeats in this band appear to have been involved not only in the particular complex translocation analyzed here but also in an inversion that occurred during primate evolution. This result raises the possibility that this region is unusually prone to chromosome rearrangement.
It has been suggested that chromosomal rearrangements during evolution may often involve fragile sites (26) . A fragile site at 17q21 has been identified in human, gorilla, and chimpanzee (10, 27) ; however, the human fragile site is expressed at relatively low levels and only with certain agents. This has made it difficult to determine whether the sequences we have identified at 17q21 correspond to the fragile site within that band.
It is often assumed that chromosomal breaks occur randomly and that the pattern of rearrangements actually seen in cancer cells results solely from selection for those rare changes that give the cell a proliferative advantage. An alternative possibility is that the frequency of the various chromosomal abnormalities seen in cancer is influenced by variability in the likelihood that the particular rearrangement would take place. This alternative possibility is supported by the nonrandom involvement of chromosomal bands in complex rearrangements. Determining the special properties of such loci should aid in elucidating the mechanism of chromosomal translocations.
